Abstract The effects of acute endurance running on the metabolic profiles of rat skeletal muscle were studied. Male Wistar strain rats were continuously run on a treadmill for 1 h (speed, 35 m/min; grade, 0 degrees). Soleus (SOL) and extensor digitorum longus (EDL) were removed after 30-min running, and a 0, 1, 6, 24, 48, and 72 h post-exercise, and enzymes activity (CK, LDH, PFK, PK, SDH, and MDH) and substrates contents (glycogen and pyruvate) were measured biochemically. The time course of the enzyme activities showed two distinct patterns: CK, LDH, SDH, and MDH showed two peaks, at 0 and 24 h post-exercise, while PFK and PK showed one peak at 0 h post-exercise. The activities of glycolytic enzymes and CK in EDL and oxidative enzymes in SOL showed marked changes after exercise. The glycogen level was lowest at 0 h postexercise in both muscles and recovered to resting level by 24 h postexercise. Pyruvate increased with running and showed the highest value at 1 h post-exercise. Increased oxidative capacity of skeletal muscle in response to the acute endurance exercise dropped gradually to the resting level by 48 h post-exercise. An endurance exercise may induce a flexible adaptation on the oxidative capacity within skeletal muscle. We conclude that the respective time course of the enzyme activities must be considered when discussing metabolic changes that occur with acute endurance exercise.
and T. YOSHIOKA glycolytic enzyme activity (BENzI et al., 1975) . Moreover, increase of oxidative enzymes activity depended on the increase of mitochondrial number and/or volume following endurance exercise training. It is generally believed that an endurance exercise produces a significant increase in number and size of mitochondria in skeletal muscle (HOLLOSZY and BOOTH, 1976) . However, the acute endurance running has been shown to increase (GOLLNICK and KING, 1969) or to decrease (GALE, 1974 ) the number and volume of mitochondria of the rat who has no prior experience in the training programs of endurance exercise. The mechanism of increases of mitochondrial volume and/or number is not clear, even in the paper concerning the swelling of mitochondria induced by the acute exercise. If the oxidative capacity is increased by swelling of the mitochondria during acute endurance exercise, the capacity concerned with mitochondria will decrease gradually to the resting level after the termination of running. Therefore, it is of paramount importance to analyze the respective time course of the capacity of oxidative enzyme in the skeletal muscle from the viewpoint of the mitochondrial adaptation. Previous reports were, however, based on measurement taken some time after the conclusion of the exercise, and do not depict the changes in the level of various enzyme activities and substrates that may take place in the post-exercise period. Furthermore, while many studies have been published on the consumptive pattern of glycogen during endurance running (ARMSTRONG et al., 1974) , there are few systematic studies on the intermediate metabolites of glycogen pathway and the enzymes activities of glycolytic and oxidative pathways during and following such an exercise.
In this report we describe, from a biochemical viewpoint, the changes that take place in the metabolic profiles of rat skeletal muscle during and following acute endurance running.
MATERIALS AND METHODS
Male Wistar strain rats (20 weeks after birth, n = 40) were used. Except for the control group (n =5) the rats were continuously run on a treadmill for 1 h (speed, 35 m/min; grade, 0 degrees). Mean running distance of each rat was 2,100 ± 28 m. According to SHEPHERD and GOLLNICK (1976) , the intensity of running used in this study is approximately 9O0 Voz max. All 35 rats except for controls were subject to similar work intensity at the termination of running. Rats were killed by cervical dislocation and bled. The soleus (SOL) and extensor digitorum longus (EDL) were removed after 30 min of running, and at 0, 1, 6, 24, 48, and 72 h post-exercise. The results analyzed for during exercise were obtained from rats who had been brought to stop running at 30 min after exercise on the treadmill. In order to prevent the fluctuation in the concentrations of substrates within muscles, which were analyzed during exercise and immediately after exercise, the starting time of the running exercise was staggered. All exercise programs and experiments were done in the daytime (10:00 a.m.-noon) so as to minimize diurnal fluctuations in the con-
centrations of some substrates, particularly of glycogen (SAITo et al., 1975; ISHIKAWA and SHIMAZU, 1976) . Both muscles were homogenized in ice-cold TrisHCl buffer (1.5 M, pH 7.0) for measurement of creatine kinase (CK, EC: 2.7.3.2), lactate dehydrogenase (LDH, EC: 1.1.1.27), and malate dehydrogenase (MDH, EC: 1.1.1.37) activities according to SUOMINEN and HEIKKINEN (1975) . Phosphofructokinase (PFK, EC: 2.7.1.56) and pyruvate kinase (PK, EC: 2.7.1.40) activities were measured from the muscle homogenized in 0.05 M triethanolamine buffer (pH 7.6), containing 0.006 M Na2H2 EDTA according to SHONK and BOXER (1950) , and succinate dehydrogenase (SDH, EC: 1.3.99.1) activity from the homogenate in 0.1 M phosphate buffer (pH 7.4) according to COOPERSTEIN et al. (1950) . Enzyme activities were given as international unit (I.U.)/mg protein (CK, LDH, PFK, PK, and MDH) and j mol/(min • mg-1) protein (SDH). Total protein concentration of the supernatant was determined by the method of LoWRY et al. (1951) . Glycogen was determined by Anthrone method (Lo et al., 1970) , and pyruvate in both muscles by UV method (LoWRY and PASSONNEAU, 1972) .
RESULTS
Figures 1 and 2 show the activities of CK, LDH, PFK, and PK, respectively.
The CK activitiy had a first peak at 0 h post-exercise in EDL and at 1 h post-exercise in SOL, followed by a secondary peak significantly higher (p <0.05) than the first peak in both muscles. The LDH activity in both muscles also showed two peaks, though relatively small, at 1 and 24 h post-exercise. The PFK and PK activities in EDL, and the PK activity in SOL had one peak at 0 h post-exercise. The rise in both enzyme activities was remarkable, especially in EDL. The activities of oxidative enzymes, SDH and MDH, are shown in Fig. 3 . The SDH activity in SOL showed two peaks, at 0 and 24 h post-exercise. In EDL, however, there was no marked change in SDH activity. The highest activity of MDH in SOL was obtained at 0 h post-exercise, and was significantly higher (p <0.05) than the value obtained at 24 h post-exercise. Figure 4 shows the change in glycogen and pyruvate contents. In both muscles the glycogen content decreased with running and reached the lowest level at 0 h post-exercise; then it increased progressively and recovered to the resting level by 24 h post-exercise. There was no significant difference between SOL and EDL at rest, but the difference was significant at 24 (p <0.05), 48 (p <0.05), and 72 h (p <0.05) post-exercise. Generally the glycogen content in EDL was significantly higher than SOL.
The pyruvate content increased with running and reached the highest level at 1 h post-exercise; then it decreased progressively in both muscles. There was no significant difference between SOL and EDL over the entire time course. The present study shows that the time course of the enzyme activities following acute endurance exercise may be divided into two distinct patterns. The peak activity obtained at 0 h post-exercise must be the result of increased energy demand on the muscle leading to an accelerated metabolism. As for the change in the oxidative enzymes activities following acute endurance exercise, there have been conflicting reports of an increase (KENDRICK and PERRY, 1965 ) and a decrease (EDGERTON et al., 1970) . Generally an increase in the oxidative enzyme activities after endurance training is attributed to an increase in number and volume of mitochondria in muscle cells (GoLLNICK and KING, 1969) . It has been reported that the swelling of mitochondria occurred in several kinds of tissues following hypoxia (PELOsI and ALGLIATI,1968) , anoxia (OUDEA,1963) , higher temperature (BRooKs et al., 1971) , lower pH (CERIJO- SANTALO, 1966) , increased concentrations of deoxyribonucleic acid (LAUGENS and GoNEZ-DUMM, 1968) , and calcium ions (LEHNINGER, 1962) . Severe running, to some degree, may not be a factor leading to the mitochondrial swelling caused by a chronic or acute hypoxia, because the muscle tissue was calculated with enough volume of blood flow during exercise (LAUGHLIN and ARMSTRONG, 1983) . However, the secretion of catecholamine, which has a competitive action for insulin, was increased during exercise (JANSSON et a!., 1986) . On the bases of the reports thus far, the possibility exists that the swelling of the mitochondria in response to an acute exercise may be related to the changes of elemental composition of the organelles and/or ionic environment of the cell. Acute exercise may transiently influence the ionic environment within the muscle cell, resulting in a swelling of the mitochondria and an acceleration of the oxidative capacity. Thus it is important to examine the elemental compositions of intracellular organelles in situ during exercise. Similar enlargement and swelling of mitochondria was seen during endurance exercise in SOL muscle which has higher mitochondrial content than EDL in the present study. The increase in the oxidative enzyme activities at 0 h post-exercise seen in the present study may be attributed to such phenomena. BOSTROM et al. (1974) also raised the possibility of an induction of enzymes by the increased demand for ATP; however, the mechanism involved is not known.
The peak CK activity obtained at 24 h post-exercise reflects possible injury inflicted on the muscles by the highly stressful nature of the acute endurance exercise used in this study. KINOSHITA and KAWASAKI (1978) have examined histochemically the recovery process of injured muscles, and found that the fibroblasts infiltrated the entire injured region within 24 h. It suggests a possibility that CK bound to the Mline region (TURNER et al., 1973 ) is released as a result of the structural disintegration brought about by the exercise-caused injury. If such is indeed the case, the level of CK is expected to be highest at 24 h post-exercise. On enzyme leakage from skeletal muscle during exhaustive exercise of the similar program, the CK activity in blood was the highest at 24h post-exercise (TAKEKURA and TANAKA, 1986 generally accepted that the origin of the CK is skeletal and heart muscles (LINDENEA et a!., 1984) . The cause of enzyme leakage from muscle can be mechanical damage or an increased permeability of the cell membrane as a result of hypoxia, or cellular deficit (FOWLER et al., 1960) . The mechanisms which account for the CK activity in muscle being the highest at 24 h after exercise are not well understood and are beyond the scope of the present study. The increase in pyruvate, which is one of the glycogen degradation products, seen during endurance exercise agrees with previous findings (EDINGTON et al., 1973) . The glycogen level was lowest at 0 h post-exercise, while pyruvate reached its highest level at 1 h post-exercise in both SOL and EDL. The highest LDH activity obtained at 1 h post-exercise reflects its catalytic action on the lactate-pyruvate conversion in the muscles. That lactate reaches its highest level sometime after the conclusion of exercise, instead of 0 h post-exercise (BLOMSTAND et al., 1984) , would fit the above scheme. On the other hand, no correlation was observed between the LDH activity and glycogen and pyruvate levels at 24 h post-exercise in either muscle. We propose from these observations that the LDH activity at 24 h is not the result of a heightened energy metabolism, but a manifestation of another mechanism.
It is still not clear whether the glycogen level depends on muscle fiber type or not (TERJUNG et a!., 1974) . In the present study, no difference in the glycogen level was observed between SOL and EDL at rest. However, the glycogen level was significantly higher in EDL at 24, 48, and 72 h post-exercise, which suggests a possible difference in the sensitivity of the glycogen synthesis pathway (LANGER et al., 1978) or the ability of glucose uptake (Ivy et al., 1983) between different fiber types during and following acute endurance exercise. Increased oxidative capacity of skeletal muscle in response to the acute endurance exercise dropped gradually to the resting level by 48 h post-exercise. An endurance exercise may induce a flexible adaptation on the oxidative capacity within skeletal muscle. We concluded that the respective time course of the enzyme activities must be considered when discussing metabolic changes that occur with acute endurance exercise. 
